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Abstract

In this work, we characterized the size and shape of the blisters that formed during deposition of
beryllium and deuterium and of blisters induced during nanoindentation of deuterium-free films
using Atomic Force Microscopy. Mechanics-based models were combined with these
measurements to determine residual stresses and interfacial fracture energies in both film
systems. This analysis showed that deuterium induced high compressive residual stresses in
these films. These stresses drove delamination and blister formation. More importantly, the
results showed that deuterium significantly lowered the interfacial fracture energy and bond
strength of beryllium films on silicon substrates. These results strongly suggest that deuterium
segregates to the film-substrate interface where it degrades resistance to interfacial fracture by
reducing the interfacial bond strength.



Introduction

Beryllium is a prime candidate material in the design of the International Thermonuclear
Experimental Reactor (ITER) where it is proposed for use in components exposed to the hot
tritium plasma. [1] It has excellent thermal conductivity for steady state heat removal and a low
atomic number for reducing the impact of eroded first wall atoms on plasma contamination. [2]
Beryllium also has a lower affinity for tritium than other candidate materials and therefore can
more effectively limit tritium inventory. [2] Nevertheless, hydrogen-isotope and radiation
induced damage remains a concern.  This phenomenon was clearly shown by Chernikov et al.
[3], where deuterium ion implantation in beryllium films induced formation of sub-micron sized
deuterium filled bubbles throughout the films.

Recently, Causey and Walsh [4] simulated the ablation and re-deposition of beryllium from a
reactor wall by replacing tritium with deuterium. They showed that co-deposition of energetic
deuterium ions with eroded beryllium atoms onto silicon substrates can lead to delamination and
blister formation. As in previous studies, re-deposition led to formation of two blister
populations ranging from sub-micron blisters to large blisters several microns in diameter. The
large blisters formed only in films with low oxygen and high deuterium contents. [4]

Oxygen is a potent hydrogen-isotope trap in beryllium. In high concentrations, oxygen getters
hydrogen isotopes from potential fracture paths: in low concentrations, hydrogen isotopes are
free to migrate and accumulate at the film-substrate interfaces. There is also a large volume
mismatch between deuterium and beryllium during co-deposition that can create high
compressive residual stresses in the film. The segregation of hydrogen at film-substrate
interfaces can degrade interfacial bond strength while high residual stresses can drive
delamination and blister formation. This study was conducted to define the role of deuterium in
delamination and blister formation in these films.

Materials

The films used in this study were sputter deposited from a 5 cm diameter S-65 beryllium target
disk by 100 eV deuterons. The sputtered beryllium was collected on heated 0.5 cm diameter
polished silicon catcher plates located 5 cm in front of the beryllium disk and 5 cm from the
centerline of the disk at temperatures of 423 K and 473 K. For the experiment performed with
the silicon catcher plates at 473 K, the 100 eV deuteron flux was maintained at 3.3x1023 D/m2s-1

uniformly over the 5 cm diameter target disk. For the experiment performed with the catcher
plate at 423 K, the particle flux on the target disk was maintained at 9.9x1023 D/m2s-1. [4]

The samples were then transferred to a standard scattering analysis chamber of the EN Series
Tandem Van de Graff accelerator. To profile oxygen in the film systems, elastic recoil detection
was then used to depth profile the concentrations of beryllium, deuterium, hydrogen and carbon.
The results are given in Table I. It should be noted that Atomic Force Microscopy and
nanoindentation provided film thickness values about 25 percent less than those originally
estimated from elastic recoil data.

The volume mismatch on adding deuterium to beryllium can create compressive biaxial stresses
in these films. To first order, the in-plane stresses can be estimated from, [5,6]
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where the volumetric strain, ∆, is a function of the partial molar volumes of deuterium, VD, and
beryllium, VBe, and the ratio between deuterium and beryllium concentrations, D/Be, as follows,
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In these equations, sr is the residual stress and E and n are the elastic modulus and Poisson’s
ratio for beryllium respectively. With E equal to 305 GPa, [7] n equal to 0.075, VBe equal to 4.87

cm3/mole [2] and VD set at 1.8 cm3/mole [8,9], the calculated stresses range from 2.8 GPa to 4.1
GPa for these films. Although these are upper bound values calculated assuming all deuterium in
the films stress the lattice with no limitations imposed by film strength, they clearly show that
deuterium can induce very high residual compressive stresses in these films.

Experimental Procedure

Scanning Auger Microscopy (SAM) was used to characterize the near surface and through
thickness composition profiles of the films. It was also used to characterize the composition of
the blistered film interfaces. Following compositional analysis, mechanical properties were
determined for each film system using the continuous stiffness measurement option with a
Berkovich diamond indenter on a Nano Indenter II™. All measurements were conducted at an
excitation frequency of 45 Hz and displacement of 3 nm. [10,11]

As a baseline reference, nanoindentation was used to induce blisters in the 90 nm thick beryllium
film four years after deposition. This film exhibited no evidence of blister formation following
film deposition. SAM and Secondary Ion Mass Spectroscopy (SIMS) further showed that there
was no measurable deuterium remaining in the film or along the film-substrate interfaces four
years after deposition. For the nanoindentation tests, a conical diamond indenter with a nominal
one mm tip radius and a 90˚ included angle was driven into the 90 nm thick beryllium film to

maximum loads of ranging from 1.0 to 7.0 mN at a loading rate of 0.05 s-1 using a Hysitron
Triboscope™. During each test, the normal loads and displacements were continuously
recorded. Following nanoindentation, Atomic Force Microscopy was used to determine blister
morphologies in the Be films. It was also used to characterize blister morphologies in the Be-D
films. The blister heights and diameters were then used to determine interfacial fracture energies
from mechanics based models for circular blister formation. [12-14]

Table I. Film deposition temperatures, film thickness, and oxygen to beryllium
and deuterium to beryllium concentrations. [4]

Film Deposition h O/Be D/Be
Temperature (nm)

473 K 90 0.125 0.07
423 K 280 0.030 0.10



Results

Film Characterization

Composition of the sputter deposited films was determined using Scanning Auger Microscopy.
The composition depth profile for the 280 nm thick Be-D film is given in Figure 1a. This figure
clearly shows a 10 nm thick surface oxide on the sputter deposited beryllium film with a three
atomic percent oxygen concentration through the film thickness on the silicon substrate. The
beryllium film was not deposited directly on the silicon but on a silica surface layer.

Mechanical Properties

Figure 2 gives the biaxial modulus (M) and the hardness values for the 280 nm thick film as a
function of indenter depth determined from nanoindentation with the biaxial modulus equal to
E/(1-n). It should be noted that the modulus of beryllium in the c-axis or basal normal direction
is much higher than in other orientations. [15,16] The increase in near surface modulus and
hardness values to a depth of 10 nm, clearly show the presence of a native surface oxide. The
values then decrease with depth due to the increasing contribution of substrate properties to
measured values. [17,18] When corrected for substrate effects, the modulus values for the
surface oxide layer and the beryllium film are in good agreement with literature values for oxide
and bulk counterparts. [7,19]

The moduli are similar in all films. However, the hardness varies inversely with film thickness
from an average maximum value of 34 GPa in the 90 nm thick beryllium film to 21 GPa in the
280 nm thick film. Following the H/3 relationship between hardness and yield strength observed
by Tabor [20], the yield strengths of these thin films are much higher than the 2.0 GPa yield
strength projected for 200 nm grain size beryllium. [21] However, values near 2.0 GPa are for
bulk samples where basal slip controls deformation. [22] Sputter deposited films have a basal
normal texture which precludes deformation on basal and prismatic planes during indentation.
This texture forces deformation to occur along pyramidal planes which are the only planes that
can accommodate c-axis compression. [22,23] This mode of deformation is shown schematically
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Figure 1: Composition versus depth profiles of (a) Be on silicon show that beryllium was
deposited on the silicon dioxide surface of the substrate. The composition of the (b)
spalled surface showed no evidence of beryllium.
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Figure 2: The (a) elastic modulus and (b) hardness values clearly show the presence of a
surface oxide on the beryllium film. The modulus values correspond to c-axis properties.
The hardness shows that deformation is very difficult.

in Figure 3. [24,25] The critical resolved shear stress on these planes is at least as high as for slip
on prismatic planes which is six times higher than for slip on basal planes. [22,23] This analysis
gives an upper bound yield strength of 12 GPa in the beryllium films. The values from
nanoindentation are within this upper bound and indicate that slip on pyramidal planes controls
deformation in these films.
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Figure 3: The beryllium films are oriented for slip on pyramidal planes as shown (a)
crystallographically and by (b) a schematic of slip following the work of Freund [24] and
Nix [25]
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Figure 4: (a) Two populations of blisters formed in co-deposited beryllium-deuterium
films with a D/Be concentration of 0.10. (b) An AFM trace across a large population
blister showing the relationship between blister height and blister diameter.

Fracture

Atomic Force Microscopy revealed that co-deposition of beryllium and deuterium produced
two broad populations of blisters in the 280 nm thick film; small blisters which remained intact
and large blisters ranging from less than 10 mm to more than 60 mm in diameter. (Figure 4) The
large blisters spalled readily from the samples during handling. It was apparent from the
observations that the small blisters formed at various depths within the deposited films with
some small blisters even forming on large blisters. Scanning Auger Microscopy of the substrate
surface under several large spalled blisters showed no trace of beryllium indicating that failure
occurred by delamination of the beryllium film from the substrate. (Figure 2b) Gas analysis
during sputter depth profiling of several large blisters detected no residual deuterium. However,
the delay between deposition and analysis may have allowed deuterium to off-gas.

Nanoindentation was then used to induce blisters in a 90 nm thick beryllium film. Tests at
maximum loads equal to and greater than 3 mN induced blisters that increased in size with
increasing load. The load versus displacement trace and corresponding blister for the test run to a
maximum load of 6 mN are shown in Figure 5. In this plot, displacement values are a
combination of elastic and plastic contributions from the indentation process. The discontinuity
in the loading portion of the curve corresponds to the beryllium film-silicon substrate interface
while the discontinuity during unloading appears to correspond to film delamination. The
observations indicate that delamination is driven by stresses induced in the film from
displacement of beryllium during indentation with larger displacements creating larger blisters.

Fracture Energy Analysis

The circular blisters provide data from which interfacial fracture energies can be estimated using
solutions for film systems where residual stresses drive fracture behavior. [12-14] In this study,
residual stresses are created during co-deposition of beryllium and deuterium and by indentation.
These solutions were derived based on the assumption that the film and substrate are elastic
isotropic solids, the film is subject to a uniform, equibiaxial compressive in-plane stress and the
film thickness is much less than the buckle diameter.
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Figure 5: The (a) load.versus.displacement trace and corresponding (b) circular blister for
indentation to a maximum load of 6 mN in the 90 nm thick beryllium film.

Blisters form when the residual compressive stress from film deposition or indentation equals or
exceeds the stress for delamination. For circular blisters, the stress for delamination, sc, is given
by [12-14],
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where E is the elastic modulus of the film, n is Poisson's ratio of the film, h is the film thickness,
and a is the blister radius. The constant k equals 14.68 when the center is unconstrained and
42.67 when the center point is pinned. [12-14] AFM showed that the blisters formed in this
study are unconstrained.

The residual stress in the Be-D film, sr, can then be determined from the blister height, d, and
the stress for delamination as follows [12],
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where C=0.2473(1+n)+0.2231(1-n2). Previous studies [26,27] show that values from this
approach agree with corresponding wafer curvature and x-ray diffraction measurements.

Combining blister height and radius measurements for the large blister population in the Be-D
films with elastic modulus of 305 GPa and Poisson’s ratio of 0.075 for beryllium, [7] provided a
compressive residual stress of 1.6±0.7 GPa in the 280 nm thick film. This value is well under the
upper bound stress calculated from deuterium volume mismatch and the measured yield strength
of the film and the substrate. It is also on the same order as stresses observed in many oxide,
nitride and carbide film systems. [26,28-30]

The residual stress and stress for delamination were then used to determine the strain energy
release rate for interfacial fracture as follows, [12]
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Substituting appropriate values into equation (5) gives an average interfacial fracture energy of
1.4±0.9 J/m2. These values are given in Table II along with average blister heights, diameters,
delamination stress and residual stress levels.

Equation (5) also provides a good approximation of fracture energies for blister formation from
indentation stresses in the 90-nm-thick beryllium film. Although equations have been derived for
indentation-induced stresses, [13,14] these equations do not account for significant amounts of
energy dissipation from deformation and material displacement in the softer silicon substrate
during indentation. As a consequence, equations based on indentation stresses overestimate
fracture energies in the beryllium on silicon film system and were not included in this analysis.

Substituting appropriate values into equations (4) and (5) gives a residual stress from
indentation of 4.0±0.9 GPa and fracture energy of 2.5±1.2 J/m2 for delamination and blister
formation in the 90-nm-thick beryllium film. These values are also given in Table II. Although
the average blister diameter increased with increasing indentation load and displacement, the
residual stress and fracture energy values were independent of loading conditions. In addition,
indentation-to-blister diameter ratios gave no indication of an interaction between the indentation
and crack tip plastic zones that increase measured fracture energy values. [31] These
observations indicate that the data is representative of interfacial fracture of beryllium on silicon.
Comparison of these values clearly shows that deuterium has a dramatic effect on fracture
energy, lowering values by a factor of two.

Interfacial fracture is often treated as a mode I failure with mode I energies, GI, at crack arrest set
equal to the practical work of adhesion [12,32]. This mode of failure is critical to understanding
the role of deuterium in interfacial fracture of beryllium films. However, the fracture energies
from equation (5) are mixed mode values consisting of shear and normal contributions. Of the
criteria proposed to describe the relationship between mixed mode and mode I contributions, the
following equation is often used, [12,27]
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In this equation, l is a material parameter equal to 0.3 and y is the phase angle of loading. [12]
The phase angle of loading is a measure of normal and shear force contributions to the fracture
process and can be obtained using numerical solutions for circular blister formation by
Hutchinson and Suo [12] as follows,
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where ∆N is the in-plane stress, M is the bending moment, and w is a dimensionless function
describing the elastic mismatch between the film and the substrate. The value for h∆N/(√12 M)
is determined from numerical solutions based on the loading parameter, sr/sc. [12] and w is set
equal to 51.75˚ to account for elastic mismatch between the beryllium film and silica layer
interface. [33] The corresponding phase angles of loading and mode I fracture energies for the



beryllium and the Be-D films are given in Table II. Comparison of these values clearly shows
that deuterium has a dramatic effect on fracture energy, lowering values by a factor of three.
Interestingly, this effect is similar to the effects of hydrogen on susceptibility to crack growth in
iron-based alloys and in atomistic simulations of hydrogen effects on interfacial fracture of
nickel. [34-38] The mode I value of 1.2±0.7 J/m2 for the beryllium film on silicon corresponds
well with values associated with chemical or metallic bonding. In contrast, mode I value of 0.6±3
J/m2 for the Be-D film falls in the range of values often associated with ionic bonding. These are
very hard films with essentially no deformation accompanying the interfacial fracture process.

The results suggest that deuterium promotes interfacial failure by reducing bond strength in this
brittle film system. Working from the relationship for crack initiation strain energy derived by
Mao [39], Volinsky et al. [31] showed that interfacial bond strength is directly related to yield
strength of the film and crack initiation strain energy release rate as follows,
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In this equation, sbond is the interfacial bond strength, Go is the crack initiation strain energy
release rate, m is the shear modulus, and sys is the yield strength. Bond strengths were then
calculated for the films of this study by setting the strain energy release rate equal to the
measured fracture energies and substituting one-third the measured hardness values for the
corresponding yield strengths. The results are given in Table II and show that the bond strength
of beryllium to the silica surface layer on the silicon substrate is more than two times higher than
for the Be-D film. These results strongly suggest that deuterium segregates to the film-substrate
interface where it reduces the interfacial bond strength leading to delamination and blister
formation.

Table II. Film thickness, blister heights, blister widths, delamination stresses,
residual stresses, phase angles of loading, fracture energies and bond strengths from
circular blisters in beryllium and Be-D films.

Film h a d sc sr G(y) y GI sbond

(nm) (mm) (mm) (GPa) (GPa) (J/m2) (J/m2) (GPa)

Be 90 1.3 0.1 2.5 -4.0 2.5±1.2 -62 1.2±0.3 6.6
Be-D 280 12.3 1.0 0.3 -1.6 1.4±0.9 -74 0.6±0.3 3.1

Summary

In this study, nanoindentation and Atomic Force Microscopy were combined to define the role
of deuterium on blister formation of beryllium films from silicon substrates. Nanoindentation
showed that these are hard films, where deformation was forced to occur on pyramidal planes at
high resolved critical shear stresses due to the basal normal texture from deposition. When co-
deposited with deuterium at low oxygen contents, the large volume mismatch created high
compressive residual stresses and extensive blistering along the substrate interface. Combining
Atomic Force Microscopy with mechanics based models showed that the blisters formed at a
mode I interfacial fracture energy of 0.6 J/m2. In contrast, nanoindentation was required to trigger
blisters in deuterium-free films. These blisters formed at a much higher mode I interfacial fracture
energy of 1.2 J/m2. In addition, the bond strengths were almost two times greater than for the



Be-D film. These results strongly suggest that deuterium segregates to the film-substrate
interface where it reduces the interfacial bond strength. Moreover, the volume mismatch on
adding deuterium to beryllium provides the driving force for spontaneous delamination and
blister formation in relatively thick films with high deuterium contents.
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